We report the first direct experimental evidence of the dynamic behavior of the solid-electrolyte-interphase (SEI) on copper electrodes upon electrochemical cycling. Synchrotron-based soft x-ray absorption spectroscopy (sXAS) and time-of-flight secondary ion mass spectrometry (TOF-SIMS) consistently show that both the chemical composition and the thickness of the SEI change with electrochemical potential throughout the slow formation process. In particular, sXAS results show that the nascent carbonate species in SEI show redox reversibility and decompose during the delithiation (oxidation) process, which leads to a significant shrinking of the SEI thickness as confirmed by TOF-SIMS. Meanwhile, the carbonates also matures and become more and more inactive at every lithiation (reduction) process. These experimental observations reveal unambiguously that SEI formation is much more complicated than a simple and monotonous deposition of electrolyte decomposition product; instead, it could be an oscillating process with a breathing growth.
Lithium ion batteries (LIBs) have been ubiquitous in modern society ever since their first commercialization by Sony in 1991. However, the challenge remains formidable to meet the increasing demands of energy density, safety, life, and lowcost for LIBs. 1 Both fundamental understanding and practical developments are required in order to advance battery technology to the next level in both the performance and stability. In the history of the battery development, it has long been noticed that an elusive solid-electrolyte-interphase (SEI), formed on the electrode surfaces in battery due to the sacrificial decomposition of electrolyte components, plays a critical role in stabilizing the electrochemical operation far from their thermodynamic equilibria. 2 SEI forms on the surface of the lithiated negative electrode (anode) in the initial cycles, and the process, , although consuming electrolyte and lithium, leads to kinetic protection against further decomposition of electrolyte (blocking electron transport) while still allowing Li + diffusion. Fundamentally, the understanding of the SEI has greatly advanced over the last two decades, especially on graphite anode surfaces. 3 By conventional wisdom, a SEI in LIBs is typically considered "stable" once formed, and its quality and chemistry could be manipulated with various additives, 2, 4, 5 or surface modification of electrodes. 6 Despite the well-recognized "stability", SEI is also known to evolve slowly in the LIBs upon extended electrochemical cycling until its mechanical and/or electronic failure, which often means the end of the battery life. 7 Onerous efforts 2, 5, [8] [9] [10] [11] [12] have been made to understand the formation process of SEI through various techniques such as Raman Spectroscopy, XPS, FTIR, AFM, SEM, and in-situ TEM et al.. 9, [12] [13] [14] Correlation between anode SEI chemistry and Li + -solvation structure was established. 2, 3, 5 However, the mechanism, design and control of SEI remain elusive and a formidable challenge for LIBs. 10 In particular, studies of the live-formation and evolution of SEI upon electrochemical cycling has been limited to mostly macroscopic and phenomenological tools like impedance. 8, 15 Whether a formed SEI is truly stable, as expected in conventional wisdom, or changes upon electrochemical cycling remains to be explored with the help of elemental and chemically sensitive probes. In this work, we deliberately formed a model SEI layer on Cu surface and monitored its chemical and mechanical responses to electrochemical potentials. Cu is selected because of its inertness toward reduction, and it provides an ideal template for SEI growth free of the interference from insertion process that would otherwise take place for other electrodes like graphite. 8, 16, 17 Our sXAS and TOF-SIMS results provide unambiguous experimental evidence of strong SEI variations, in both chemical and mechanical properties, in delithiated and lithiated states. We found that the carbonates are largely responsible for the constant evolution of the SEI through its re-oxidation during the delithiation process. The decomposition causes a dramatic modification of the chemical concentration, as well as a significant decrease of the SEI thickness in the delithiated state. In the meantime, the carbonates keep forming during each lithiation process, and experience an apparent maturing process by becoming less and less electrochemical active as the number of cycles increases. A model SEI is formed and cycled on the surface of a wellpolished Cu electrode. The experimental setup has been reported in a previous work, and more details on the electrochemical cell is provided in the Figure S1 of the ESI. 17 The technical details on sXAS and TOF-SIMS are provided in the ESI. The SEI is formed at the constant current (15 μA/cm 2 ) until the potential reaches the cutoff value (0.005 V); then the voltage is held constant. This process simulates the SEI formation in actual LIB, whose anode is subject to gradual cathodic polarization and offers opportunity for the selective reduction of electrolyte components. Figure 1(insert) shows that the formation capacity is about 6.7 µAh/cm 2 , with the potential decay for less than 30 min. The formed SEI is then cycled galvanostatically in the same electrochemical cell between 0.005 and 3 V. The galavanostatic charging curve up to 100 cycles is displayed in Figure 1 . The capacities are 3.7, and 4.0 µAh/cm 2 for the 1 st delithiated and lithiated process, respectively. The cycling capacities are much smaller than the formation capacity, indicating that the surface is gradually passivated; however, the SEI obviously remains electrochemical active over 100 cycles that is beyond what chemical dissolution effect could account for. 18 We cannot completely rule out the contribution from the electrochemical reduction of a thin copper oxide layer covering the copper electrode, i.e., Cu x O +2Li + +2e -⇆ xCu+Li 2 O. 19 Also, as reported for CoO electrodes before, 20 the surface oxide may facilitate the decomposition reaction of the SEI, which likely lengthens the SEI stabilization process as observed here. We believe that this possible surface reaction is not the focus of this study, and here we concentrate on the activities of the formed SEI itself based on the signals from SEI, which are well separated from any (O) signals from the surface Cu x O. The delithiated and lithiated capacities decay quickly with the electrochemical cycling, as magnified in Figure S2 . The continuous decay indicates that the SEI becomes more inert with extended electrochemical cycles; however, the evolution of SEI at different electrochemical potentials continues even after 100 cycles, allowing us to study this gradual SEI formation process as elaborated below. Please do not adjust margins Please do not adjust margins ALS. 21 The full C K-edge sXAS results are in Figure S3 .
Compared with other techniques for studying SEIs, 9, [12] [13] [14] sXAS is a spectroscopic technique with inherent elemental and chemical sensitivity, as well as two different probe depths of about 10 and 100 nm. 22 It has been successfully utilized to gain insights into the chemical composition of SEIs. 17, 23, 24 In particular, sXAS often provides fingerprinting features of the interested chemical species and bonds through their characteristic lineshape, and its moderate probe depth of 10 nm and 100 nm, through total electron yield (TEY) and total fluorescence yield (TFY) modes respectively, makes it a perfect tool to probe the SEI chemistry. For all five samples, three distinct features could be found at 285 eV, 288.6 eV, and 290.2 eV. The 285 eV feature can be attributed to C=C π* bonds. The 288.6 eV feature is from the C-H σ-bonds of -CH 2 -and -CH 3 . 25 The most striking absorption feature, at 290.2 eV, originates from the electron dipole transition between C 1s core level and the π*(C=O) orbital of the carbonate (CO 3
2-
) functional group. 25, 26 The assignment of the main features could be directly seen through the comparison with the spectra from two reference standards lithium ethylene dicarbonate (LEDC) and lithium acetate ( More importantly, Figure 2 displays a strong evolution of the sXAS lineshape upon electrochemical cycling. In particular, the 290.2 eV carbonate peak intensity is greatly enhanced at the lithiated states, but decreases significantly at the delithiated states. Furthermore, the overall amount of carbonates keeps increasing upon cycling; e.g., the 290.2 eV peak intensity after 10 cycles is much stronger compared with that of the 1 st cycle SEI. Interestingly, the observation of the contrasting carbonate signal in the delithiated/lithiated states is the same in both the TEY and TFY modes, indicating that this is an overall change on the chemical composition throughout the SEI layer.
In Figure 2c , we display the TEY intensity evolution of the 290.2 eV carbonate feature at different electrochemical states. The absolute intensity of TFY suffers self-absorption effect, so only TEY data are used for this quantitative analysis. Two trends of carbonate evolution can be clearly identified. i) In general, carbonate species are formed during lithiation (when the SEI is held at low voltage), but are re-oxidized during delithiation (when voltage is raised). The carbonate decomposition in SEI has been reported in theory by Leung et al., 27 but the quantitative difference on the potential range is likely due to the different electrodes. ii) Not all the formed carbonate participates this re-oxidization in the electrochemical cycling; therefore, the overall amount of carbonate keeps increasing with cycling. This is also consistent with the electrochemical profile, which shows higher lithiated capacity than delithiated capacity at each cycle (Figure 1 and  S2) . Thus, the SEI formation is a slow evolution process on Cu electrodes. It can be expected that, with more and more carbonates formed and becoming inert against re-oxidation, the SEI will eventually become an ideal passivating layer with a large amount of carbonates.
The evolution of the SEI is further confirmed by O K-edge sXAS results, as shown in Figure 3 . The full O K-edge spectra are in Figure S4 . The feature at 533.7 eV can be attributed to O1s→ π * transitions (C 2p-O 2p derived orbitals), which is a characteristic peak of the carbonate (CO 3
) function group. 26 The shoulder feature at 532.4eV is from organic compounds like oxalate and/or OH function groups, which can be directly seen through the comparison with the reference spectra in Figure 3 . Again, the carbonate feature at 533.7 eV is enhanced in the lithiated state, while partially suppressed in the delithiated state. The evolution of the carbonate-feature intensity is summarized in Figure 3c , which shows the same breathing behavior as that from C-K sXAS results, indicating the nascent carbonate is partially oxidizable during electrochemical operation and continues to form for extended cycles in such system.
In addition to sXAS, we also performed TOF-SIMS experiments in order to better understand the morphology and general chemical composition. Figure 4 shows the TOF-SIMS profiles up to 100 nm depth of the SEIs at as-formed, 1 st delithiated, and 1 st lithiated states. The normalized intensity of three representative species are shown as 6 Li + , CH 2 OLi + , and Cu + . 6 Li + comes from all the lithium compounds, including the organic species and inorganic lithium salts, which include the signal from lithium containing carbonate species such as Li 2 CO 3 , LEDC etc.. The CH 2 OLi + represents lithium alkoxide or similar type of lithium species. The point where the 6 Li + intensity drops to ½ of its initial value is consistent with the Cu + rising to about half of its ultimate intensity, which defines the SEI/Cu interface and taken as the thickness indicator (shadow in Figure 4 ). There are several important pieces of information revealed by the TOF-SIMS results. First, the two indicators Please do not adjust margins Please do not adjust margins consistently mark the SEI thickness as 45, 10, and 60 nm for the as-formed, 1 st cycle delithiated, and 1 st cycle lithiated samples. This is consistent with the sXAS observation that the SEI grows in an oscillating pattern with electrochemical cycling. Second, the greatly reduced SEI thickness in the delithiated state corresponds to a relatively higher concentration of CH 2 OLi + compared with other Li containing species. This might be caused by the carbonate re-oxidation that leads to low abundances in the delithiated state. For some reason unclear at the current stage, the re-oxidation of alkoxide (if it does happen) proceeds at much slower rate than carbonates. Nevertheless, it is striking to see that SEI thickness shrinks so much in the delithiated state due to disappearance of carbonate species. Third, the TOF-SIMS data also shows that for the SEI at the lithiated states, i.e., the as-formed and lithiated samples, the overall 6 Li + and CH 2 OLi + concentrations are more or less uniform across most of the SEI thickness. Therefore, the TOF-SIMS results are in excellent agreement with the sXAS analysis, showing that the re-oxidation of carbonates dramatically diminishes the overall SEI thickness in the delithiated state; in the meantime, the SEI keeps growing through the lithiation process.
In summary, through a combination of soft X-ray spectroscopy and TOF-SIMS, we reveal that the SEI formation on a copper electrode is a highly dynamic process. The absence of the intercalation process on Cu electrodes provides an ideal template to study the intrinsic nature of SEI. The nascent carbonates in SEI are largely susceptible to reoxidation during electrochemical cycling over extended cycles in this model system. The decomposition of carbonates in SEI during the delithiation significantly shrinks the thickness of the SEI layer. But the carbonates in the SEI continue to form during each lithiation cycle, and gradually lose the electrochemical activity upon cycling. Our work provides unambiguous experimental evidence for an oscillating pattern of a slow SEI formation on Cu electrodes. We note that SEI formation on different electrodes is likely to differ in both the pace and the scale of its electrochemical activity, and detailed reaction mechanism requires further studies. Nonetheless, this work revises the conventional wisdom that SEI, once formed, is stable over long periods. It suggests that the SEI formation is far more complicated than simple accumulation of electrolyte decomposition products on electrode surface.
